An ultrasonic transducer for transmitting and receiving ultraSonic energy to and from a gaseous medium comprises a piezoelectric element having front and back Sides, an electrically conductive plating over the front Side of the piezoelectric element, a transmission layer of lower acoustic impedance materials abutting the plating, a facing layer of a fibrous material bonded to the transmission layer without Substantial penetration of the bonding agent and electrical connections for applying an exciting electrical Signal to the piezoelectric element. It is highly desirable to transmit ultraSonic energy into gases to be able to analyze the gases for their composition, flow and other properties and to conduct remote and level Sensing of objects through air. It is also highly desirable to transmit ultraSonic energy into air to perform non-contact testing upon products, Such as paper, wood, low acoustic impedance green ceramics and powder metals, plastics and composites as well as high acoustic impedance ceramics, metals, etc. In medical applications, it is also highly desir able to conduct non-contact diagnostics of skin and other parts of the body of humans or animals, fetus monitoring, blood flow measurements, and for non-contact and non invasive therapeutical and Surgical applications, Such as for malignant Skin removal, lipotirpsy, unwanted mole removal, etc. It is also highly desirable in agricultural applications, Such as for plant and tree diagnostics, as well as for fruit, vegetable and Seed analysis.
It is well understood that the acoustic impedance of gases is Several orders of magnitude from the acoustic impedance of typical piezoelectric materials. Also, the larger the dif ference in acoustic impedance of two adjacent layers, the more difficult it is to transmit ultrasonic energy across the boundary between the two layers. Finally, it is known that gases rapidly absorb ultraSonic energy especially as the frequency of the ultrasound is increased.
It has been possible with a certain degree of Success to transmit ultrasound into gases, Such as air, by placing a low impedance material in front of the piezoelectric element. The transmission of ultrasound into gases has nevertheless been far less than desired.
It is an advantage, according to this invention, to provide a greatly improved ultraSonic transducer and method of using Same which transmits ultraSonic energy into gases with much greater efficiency.
SUMMARY OF THE INVENTION
Briefly, according to this invention, there is provided an ultraSonic transducer for transmitting and receiving ultra Sonic energy to and from a gaseous medium. The transducer comprises a piezoelectric element comprising a ceramic/ piezoelectric material, an electrically conductive plating over the front and back Sides of the piezoelectric element, a transmission layer of low acoustic impedance material adja cent the electrically conductive plating on the front Side of the piezoelectric element, electrical connections for apply ing an exciting electrical Signal to the piezoelectric element and a facing layer of fibers attached to the Surface of the transmission layer. Preferably, the acoustic impedance of the transmission layer is between about 1x10 kg/m's and 20x10 kg/m's, the acoustic impedance of the piezoelectric material is between about 2x10 kg/m's and 50x10 kg/m's. According to one embodiment, the facing layer comprises a fibrous material, Such as a mat, paper, felt or fabric that is bonded to the transmission layer without Substantial penetration of the bonding agent into the fibrous material. Briefly, according to this invention, there is provided a method for transmitting Sound and ultrasound through a gaseous medium into and out of a Solid Specimen compris ing the Steps of bonding a facing layer of a fibrous material to the transmission Surface of a transducer for converting one form of energy to vibrations, for example, a piezoelec tric transducer, without Substantial penetration of the bond ing agent into the fibrous material, bonding a facing layer of a fibrous material to a Surface of the Solid Specimen without Substantial penetration of the bonding agent into the fibrous material; and exciting the transducer directed at the Surface of the Solid Specimen with the facing layer bonded thereto.
There is also provided a method for transmitting ultra Sound through a gaseous medium into and through a Solid Specimen comprising the Steps of bonding a facing layer of 
DESCRIPTION OF THE PREFERRED EMBODIMENTS
Referring to FIG. 1, there is shown a transducer according to this invention that is especially Suitable for transmitting ultraSonic energy into a gas. The piezoelectric element 10 has conductive layers or plating 11a and 11b over the front and back faces thereof. Electrical leads 12, 13 are connected to the rear face of the piezoelectric crystal and to the conductive layer over the front face. When an appropriate pulse signal is applied to the piezoelectric element via the leads, the element vibrates at a frequency characterized by the dimensions of the element. solid solutions (PZT), lead meta-niobate, lithium niobate and other Suitable electromechanical coupling agents.
The conductive layers or plating 11a and 11b on the front and back faces may comprise metals Such as gold, Silver, platinum, nickel or conductive epoxy materials that are filled with powdered metals. Typically, these conductive layers are less than 20 microns thick.
Referring again to FIG. 1 , the electrically conductive layer 11b abuts the inner face of a transmission layer 15. The electrically conductive layer 11a is either bonded to low or high impedance dampening material 16, depending upon the required dampening of the piezoelectric element 10. Alternatively, if desired, the conductive layer 11 a can also be left in air, that is, without bonding it to any other material. The entire assembly can be encapsulated in a Suitable housing for its ergonomic use. The transmission layer 15 comprises polymers and polymers filled with ceramic or glass particulates and fibers or light metals or ceramics or glasses. Abutting and bonded to the outer face 17 of the transmission layer 15 is a facing layer 18 of very low acoustic impedance material. The facing layer is a fibrous material Such as a mat, paper, felt or fabric that is bonded to the transmission layer 15 without Substantial penetration of the bonding agent into the fibrous material. The fibers themselves may be textile fibers, either natural or Synthetic, paper fibers, carbon polymer fibers or ceramic fibers. The fibers must form an interconnecting matrix as with a weave or felt. The fibers adjacent to the transmission layer 15 must be bonded to the transmission layer but care must be taken to minimize the penetration of bonding material into the fiber matrix as this will destroy the desired acoustic prop erties of the fiber layer.
The acoustic impedance of the piezoelectric element 10 is between about 2x10 kg/m's and 50x10 kg/m's. The acoustic impedance of the transmission layer 15 is between about 1x10 kg/m's and 20x10 kg/m's and the acoustic impedance of the facing layer 18 is less than about 1x10 kg/m. S. Gradually, the acoustic impedance is lowered mov ing from the transducer to the air or gas into which the ultraSonic Signal is transmitted by the Selection and use of an especially Selected transmission layer and a fibrous material facing layer. The combined thickness of the front electrically conduc tive transmission and facing layerS should correspond to the wavelength divided by four for maximum energy transmis Sion into gas or air. Since all layers are very thin, the transmission layer will normally be very close to the thick ness of the wavelength divided by four.
The advantages of this invention are clear from the following comparative testing illustrating the transduction into gases by transmission mode experiments. In the reflec tion mode experiments, the same transducer is used for both Sending and receiving an ultraSonic pulse whereas in the transmission mode experiments, Separate transducers are used to Send and receive an ultraSonic pulse.
According to a preferred embodiment, the transmission layer 15 may comprise two or more layers.
The first transmission layer is preferably one which is transparent to the resonant frequency of the piezoelectric material and the acoustic impedance, Z, of which is approximately (preferably lower than) where Z is the acoustic impedance of the piezoelectric element and Z, that of air. Since Z is extremely low The Second transmission layer is preferably one which is transparent to the resonant frequency of the piezoelectric element and the acoustic impedance, Z, of which is approximately (preferably lower than) Such materials are: epoxies, rubbers, other plastics, etc.
The fiber matrix facing layer is preferably the one which is also transparent to the resonant frequency of the piezo electric element and the acoustic impedance, Z, of which is approximately (preferably lower) Such materials are those characterized by open porosity, and for extremely high transduction in air or gaseous media, they should also be composed of fibrous Structures, Such as, papers, cloths, ceramic, wood, lumber, plant Stems, branches or leaves, glass, graphite, metal or polymer fiber papers, tapes, etc. It is imperative that the final transmission layer be acous tically transparent when examined in the non-contact (gas contact) mode at the resonant frequency of the transducer. It has been found that fiber-based materials, characterized by high porosity, are the best materials for this application. With ordinary papers, it has been further found that clay-coated papers are more practical. Therefore, thickness of this layer is 62.5x10'x2,600, 000=0.16 mm.
Facing layer: clay-coated paper. V=500 m/s. Z=0.6x10 kg/ms. P/16 (a 1 MHz=1000/16=62.5 ns.
Therefore, thickness of this layer is 62.5x10'x500,000= 0.03 mm.
All transmission layers can be bonded to each other with conventional epoxies and cements, however, the final porous fibrous layer must be bonded in such a way that the porosity of its structure is not altered. Therefore, Self-adhesive tape or other high Viscosity epoxy, glue or cement is desirable.
Such a device (with variable thicknesses of transmission layers) has been made and it is at least five times better in These tests were conducted by first testing the prior art transducers without a paper facing layer followed by testing with the paper facing layer on both the Sending and receiving transducers. In the above-described examples, the orientation of the fibers in the fibrous layer was for the most part parallel to the Surface of the piezoelectric transducer. It has been found that transduction can be further improved by orienting the fibers in the facing layer oblique or perpendicular to the plane of the transducer. Based on certain analogous experiments, the improvement in Sensitivity by orienting the fibers oblique or perpendicular to the plane of the transducer will be on the order of 22 dB or 10 times. One example of a facing layer with fibers oriented perpendicular to the plane of the trans ducer is a layer of wood cut perpendicular to the grain. Other plant material might be used.
Referring now to FIG. 2 , there is shown schematically a Specimen prepared for receiving ultrasound transmitted thereinto through a gaseous medium. A thin polymer layer is bonded directly to opposite Surfaces of the Specimen and a fibrous layer is bonded over the polymer layer. It is desired that the layerS be very thin, Say, on the order of tens of micrometers. In the case of Specimens that are already comprised of low transmissivity materials, Such as polymers and polymer-based materials (characterized by low acoustic impedance), only the fibrous layer is required. On the other hand, in order to increase the transmissivity in materials, Such as metals, dense ceramics, and their composites (characterized by extremely high acoustic impedance), a thin layer of polymer (rubber, epoxy, polyester, etc.) between the Specimen and the fibrous layer is desirable.
The fibrous material or layer may be a mat, felt, paper or fabric. The fibers themselves may be textile fibers and ceramic fibers. The fibers must form an interconnecting matrix as with a weave or felt. The fibers adjacent to the Specimen must be bonded to the Specimen or an intermediate polymer layer but care must be taken to minimize the penetration of bonding material into the fiber matrix as this will destroy the desired acoustic properties of the fiber layer.
The ultrasound transducers for generating and receiving ultrasound are described above. Other Sound and ultrasound transducers in addition to piezoelectric transducers, Such as magnetic, electroStrictive and capacitance transducers, will have increased ability to transmit vibrations into the Sur rounding atmosphere when provided with the therein and herein described fibrous coating. FIGS. 3 to 6 show comparative traces captured and displayed by a digital oscilloscope. In every case, the Vertical Scales for both traces are identical and are given in mV per division at the lower left of the display. 1. An ultraSonic transducer for transmitting and receiving ultraSonic energy to and from a gaseous medium compris ing: a piezoelectric element having front and back Sides, an electrically conductive layer bonded to each of the front and back Sides of the piezoelectric element; a transmission layer of lower acoustic impedence mate rials abutting the layer bonded to front Side; a facing layer of a fibrous material bonded to the trans mission layer without Substantial penetration of the bonding agent, and electrical connections for applying an exciting electrical Signal to the electrically conductive layers of the piezo electric element.
2. The ultrasonic transducer according to claim 1, wherein the transmission layer of lower acoustic impedance com prises materials Selected from the group consisting of polymers, low density metals, ceramics and glass.
3. The ultrasonic transducer according to claim 2, wherein the fibrous material is comprised of fibers, the substantial portion of which are oblique or perpendicular to the front Side of the piezoelectric element.
4. A method for transmitting Sound or ultrasound through a gaseous medium into a Solid Specimen comprising the Steps of bonding a facing layer of a fibrous material to a trans mission Surface of a transducer for generating Sound or ultrasound vibrations without Substantial penentration of the bonding agent into the fibrous material; and exciting the transducer directed at a Surface of the Solid Specimen with the facing layer bonded thereto. 5. A method according to claim 4, further comprising the
Step of bonding, a facing layer of a fibrous material to the Surface of the Solid Specimen without Substantial penetration of the bonding agent into the fibrous material.
6. A method for transmitting Sound or ultrasound through a gaseous medium into and through a Solid Specimen com prising the Steps of bonding a facing layer of a fibrous material to a trans mission Surface of a first transducer and a Second transducer without Substantial penetration of the bond ing agent into the fibrous material; bonding a facing layer of a fibrous material to each of opposite Surfaces of the Solid Specimen without Sub Stantial penetration of the bonding agent into the fibrous material; and exciting the first transducer directed at one of the opposite Surfaces of the Solid specimen with the facing layer bonded thereto and detecting the ultrasound transmitted through the Solid Specimen, and the Second facing layer bonded thereto with the second transducer.
